Abstract-The longitudinal offset technique permits to improve the accuracy of the coupling coefficients of integrated directional couplers and provides designs that can be easily implemented with current fabrication tolerances. In this paper, we address the additional degree of freedom offered by this technology in order to tailor the differential group delay in coupled-resonator optical filters. We present the characterization of several devices exploiting this feature and we discuss their potential applications.
. Geometry of a three-ring longitudinal offset CROW implementing two transfer functions with distinct group delays.
to obtain larger Q-factors, racetrack microresonators offer superior versatility in the coupling to access waveguides [13] [14] [15] and are often the preferred option. For this configuration, coupling coeficients are determined by the transversal separation between the coupler waveguides in the standard fabrication process of the structures. To meet the typically required accuracy levels, such separation must be set with a precision of around a few nanometers, bordering technological limits. To overcome this difficulty, an alternative approach was proposed in [16] , [17] , which consists in varying the coupling length rather than the inter-guide separation, by changing the longitudinal offset between the two parallel coupled straight waveguides of fixed length. Photolitographic production is then feasible as the resolution requirements are strongly relaxed.
As was highlighted in [18] , there exists an asymmetry in the phase transmission characteristics of longitudinal offset structures that opens up new possibilities for the design of photonic devices based on the control of the associated differential group delay. Several structures were proposed in [18] and their experimental demonstration is presented here.
II. TRANSMISSION PROPERTIES
The two sets of input/output ports available in a longitudinal offset CROW are respectively marked as A and B in Fig. 1 for a three-ring system. The associated transmission paths for the fast and slow port sets are identified with dashed and solid arrows, respectively. The corresponding transfer functions are [18] 
H(ω) is a common transmission term that can be evaluated [18] as 1/m 11 in the expression
where L is one half of the total ring length, which is assumed to be constant in the structure, β is the propagation constant, and r l and t l are, respectively, the bar and cross coupling coefficients for the optical field at coupler l.
The differential group delay parameter is defined as
where n g is the group index in the optical waveguides, and L off,l is the longitudinal offset for coupler l. τ off can be identified in Fig. 1 as the net propagation path difference due to the longitudinal offsets in the structure with no resonance enhancement. Therefore, this differential delay is limited by the ring size and the number of resonantors. A given coupling coefficient can be typically obtained at different offset lengths, permitting to adjust the total differential group delay.
III. FABRICATION AND CHARACTERIZATION
As described below, the foundry has an optimized process for the lithography and for the etching which ensures high quality in the sidewall roughness and guaranteed critical dimensions. The critical dimensions check ensures the control of the gaps during the fabrication process.
Electron Beam Lithography (EBL) and dry etching were used to fabricate the device by a process similar to that described in [19] . In this case, the silicon-on-insulator (SOI) substrate consists of a 3 μm thick buried oxide layer and a 220 nm thick Si layer. In the first step of the fabrication, the device features are defined by employing hydrogen silsesquioxane negative tone resist and a high contrast development process [20] . Using an HBr-based ICP-RIE process, they are fully etched to the buried oxide [21] . The second step involves the careful aligning of a positive tone ZEP resist mask to the previously defined features. The mask is used to define the shallow etched parts of the devices, and C4F8/SF6-based dry etching is employed.
Aiming to minimize the scattering losses of the devices, multipass exposure is used in both steps in order to reduce the sidewall roughness further. A very accurate proximity effect correction is also needed to guarantee the accuracy in the critical dimensions of the devices, in combination with a suitable exposure dose [22] .
The wire waveguides are 450 nm wide and 220 nm thick to ensure TE monomode propagation. The measured linear propagation loss in such photonic wires is 3 ± 0.5 dB/cm. The resolution of the e-Beam lithography employed is below 10 nm, thus leading to a very accurate control of the coupling gaps between rings. As illustrated in Fig. 2 , the coupling constant uncertainty can be controlled below 10%. The longitudinal offset technique has been applied in order to guarantee the uniformity between cavities since the gap is kept constant for all the rings. The SEM images of the couplers show that the width of the waveguides in the coupler range from 437 nm to 455 nm, while the measured gaps are in the range from 196 nm to 214 nm. All these quantities differ from device to device and from die to die.
All input/output waveguides in the chip have been provided with grating couplers, which only support TE polarization [23] . The measurements have been normalized to the response of a straight waveguide in order to remove the spectral response of the grating coupler. For three-port structures (Section 3.1), the insertion losses are 1 dB ± 0.5 dB, while for the two-ports device, they are in the range 5 dB ± 2 dB. These values depend greatly on the normalization waveguide employed to remove the filtering effect of the grating coupler.
A. Three-Port Structures
We first consider the structure obtained when two ports in the reference structure of Fig. 1 are combined using a Y-branch coupler. The resulting geometry is shown in Fig. 3 , where we have employed an MMI coupler.
This set-up permits to obtain two identically filtered replicae of the input with a relative delay
that, in the case of equal L off,l = L off , reads
We have fabricated and characterized three structures with 3, 5 and 10 racetrack micro-rings, respectively. In all cases, the bend radius of the racetracks R = 5 μm, the coupling gaps are s = 0.2 μm, L off = 82.339 μm and the total cavity length is L cav = 2L = 231.42 μm with an associated free spectral range (5), the differential delay between outputs are 9.99 ps, 14.98 ps and 27.47 ps for 3, 5 and 10 rings structures, respectively. Fig. 4(a) compares the measured signals as transmitted in the fast and slow paths at four different values of the carrier frequency in the filter pass-bands. Ten measurements have been performed per wavelength to estimate the average and the standard deviation of the group delay. Fig. 4(b) , shows the excellent agreement between experiment and theory.
This structure can be cascaded and could find application, for instance, in optical beam-forming networks [24] as discussed in [18] . Reversing the input and output ports, the structures can also be employed for simultaneously implementing a precise filtering operation through H(ω) and obtaining a time-domain multiplexed output signal from two input signals.
B. Two-Port Structures
New design possibilities are found when both the input and output ports are connected using Y couplers. If Δτ is greater than the pulse duration the addition of a phase control in one of the output paths, for instance, can be used [18] for the production and processing of time-bin encoded states for quantum information applications [25] [26] [27] . In this case we have a compact integrated set-up incorporating the precise waveform shaping provided by the filtering in the CROW.
The combination of ports, both at the input and output of the device in a Mach-Zehnder configuration, can also be used to double the FSR of a given structure without significantly affecting the bandwidth and introducing additional transmission nulls between resonances. If we assume the same input in (1) and combine them into a single output, we obtain the transfer function
To double the FSR, the position of a spectral null every other transmission band of the CROW filter requires the fulfillment of the condition τ = 4τ off or, for constant
The one-half resonator length
is the total length of the straight waveguide sections. Therefore, the above condition reads
The measured transmission responses of two MZ configurations with and without longitudinal offset differential group delay, as displayed in Fig. 5 , are compared in Fig. 6 along with the transfer function computed using coupled mode theory. In this case s = 0.3 μm, L s = 88.233 μm and L off = 12.993 μm. The cavity Q factor for the device with differential group delay is found to be Q 650. The measurements clearly show the expected FSR doubling in the structure. When comparing the results for the MZ configurations with and without differential group delay, it is important to bear in mind that the introduction of the longitudinal offset modifies the coupling constant in the structure.
If the design based on the condition (8) is too sensitive to fabrication tolerances, an alternative, more robust, design can be obtained for a limited bandwidth [18] . If τ = pτ off , with p a rational number close to 4, the MZ and CROW resonance conditions will coincide in a particular band of the CROW periodic response, and an approximate cancellation will happen in a certain bandwidth that will depend on the value of p. In this case, the value of a constant offset for a given coupler length is given by the expression be Q 520. In this case, the FSR doubling has been achieved for a 20 nm bandwidth.
IV. CONCLUSION
We have fabricated and characterized various structures exploiting the inherent differential group delay available in CROW chains realized by means of the longitudinal offset technique. Three port networks, obtained by combining either the input or output ports of the fast and slow channels, and two port networks, with port combination taking place both at the input and the otuput, have been demonstrated. Three port networks could find application, for instance, for combining filtering and time-domain multiplexation operations in integrated optical circuits applications or as building blocks for complex group delay networks that could be used in optical beam-forming antennas. The two port devices could be used for quantum information time-bin encoding applications for differential delays of the order of the pulse duration. We have demonstrated a more general set-up for FSR doubling in quasi-periodic filters. Simultaneous filtering and relative delaying operations can also be performed combining cascaded bandpass filters and waveguide delay pairs. In large integrated circuits with extensive use of this type of operations, our proposal permits to obtain more compact designs and a relevant reduction of the number of elements. In Quantum Information applications [27] , the reduction of the complexity and the ellimination of off-circuit filters has a direct impact on the photon loss, which is critical for the device operation, and avoids asymmetries that can also affect system performance.
